Change detection methods are often incapable of accurately detecting changes within time series that are heavily influenced by seasonal variations. Techniques for de-seasoning time series or methods that apply the spatial context have been used to improve the results of change detection. However, few studies have explored Landsat's shortwave infrared channel (SWIR 2) to discriminate between seasonal changes and land use/land cover changes (LULCC). Here, we explored the effectiveness of Operational Land Imager (OLI) spectral bands and vegetation indices for detecting deforestation in highly seasonal areas of Brazilian savannas. We adopted object-based image analysis (OBIA), applying a multidate segmentation to an OLI time series to generate input data for discrimination of deforestation from seasonal changes using the Random Forest (RF) algorithm. We found adequate separability between deforested objects and seasonal changes using SWIR 2. Using spectral indices computed from SWIR 2, the RF algorithm generated a change map with an overall accuracy of 88.3%. For deforestation, the producer's accuracy was 88.0% and the user's accuracy was 84.6%. The SWIR 2 channel as well as the mid-infrared burn index presented the highest importance among spectral variables computed by the RF average impurity decrease measure. Our results give support to further change detection studies regarding to suitable spectral channels and provided a useful foundation for savanna change detection using an object-based method applied to Landsat time series.
Introduction
The Cerrado (Brazilian savanna), is the second-largest biome in the country, covering approximately 2 million square kilometers, and exhibits the richest flora among savannas worldwide [1] [2] [3] . However, this biome has been subjected to rapid land cover conversion due to agriculture expansion, wood extraction, and relatively little of its area being protected by law [4] . In addition, the Cerrado is one of the least-studied biomes in the world [5, 6] and has received little attention when compared to other Brazilian biomes like the Amazon and the Atlantic Forest, especially with respect to mapping and monitoring. Consequently, the understanding of land use and land cover change (LULCC) in this biome is limited.
Techniques and algorithms for mapping and monitoring the Cerrado have previously been developed by the scientific community [7] , but the highly seasonal nature of this biome hampers LULCC detection [8] . When images from different seasons are acquired, changes caused by phenological differences are inevitable and pose a significant challenge to remotely sensed change detection [9] . The methods developed so far are often incapable of detecting changes within time series that are heavily influenced by seasonal climatic variations [10, 11] .
Object-based image analysis (OBIA) has become a common practice for LULCC detection, since it combines segmentation and remote sensing information along with the experience of the analyst to detect land cover change [12, 13] . The use of OBIA increased following the Landsat Global Archive Consolidation (LGAC) initiative and the opening of their imagery archives in 2008, when millions of images became available, enabling time series studies throughout the world [14] . This has enabled gains in resolution and accuracy, and has also leveraged the development of governmental programs based on remotely sensed time series [15] .
To reduce the seasonal variations captured by multi-temporal images, techniques for de-seasoning time series have been used based on the assumption that seasonal patterns can be identified and removed [10, 16] . However, this assumption may not always hold true if the images in the time series are not acquired at regular intervals or there are gaps due to the presence of clouds [17] . To minimize the impacts of seasonality, methods combining images taken by different satellites [18, 19] and that use the spatial context [17, 20, 21] have been developed. However, only a few studies have explored the ability of the second shortwave infrared channel (SWIR 2) from time series of Landsat imagery to accurately detect deforestation in highly seasonal ecosystems.
A shortwave infrared channel is present in many land monitoring optical sensors, such as the Operational Land Imager (OLI), which has the SWIR 1 and SWIR 2 (1560-1660 nm and 2100-2300 nm, respectively) channels [22] . In vegetation studies, these channels have shown lower reflectance than other spectral regions due to absorption caused by water and biochemical content of vegetation [23] , which has motivated their use in the dry-season [24, 25] and in wetland vegetation [26] . Although some studies have proposed using the shortwave infrared channel from Moderate Resolution Imaging Spectroradiometer (MODIS) to map forest cover loss [27] and a ratio-based computation to monitor forest damage [28] , the SWIR 2 channel from the Landsat series has been rarely used in Cerrado change detection. Studies have recently assessed land cover changes [29] [30] [31] [32] [33] , but the analysis and quantification of deforestation is still a challenge using spectral information [34] . Thus, change detection in the Cerrado biome is motivated by the previous assumptions, where an effective spectral analysis of the change matter is required to support change detection studies.
In this study, we explore the effectiveness of OLI spectral bands and vegetation indices for detecting deforestation in highly seasonal areas of the Cerrado biome, motivated by the following research questions: (a) is it possible to detect land cover change in areas affected by seasonality with high degrees of accuracy? (b) what spectral bands or vegetation indices can best discriminate Cerrado deforestation from phenological effects?
We used Landsat OLI time series from 2013 to 2014 to derive change objects through multi-temporal object change analysis and to assess spectral channels and indices to accurately detect LULCC in an area of Cerrado. We applied the Random Forest ensemble algorithm to discriminate deforestation events from those associated with phenological changes, which is a common misclassification problem in the Cerrado biome.
Materials and Methods

Study Area and Data
The study area is located in the Bacia Hidrográfica dos Afluentes Mineiros do Médio São Francisco (SF9), a watershed in northern Minas Gerais, Brazil (Figure 1a) , where 59% of the area is covered by native vegetation with a wide range of types or physiognomies [35] . Cerrado formations cover 37% of the study area and are characterized by a unique vertically structured mosaic of plant formations [1, 36, 37] with sparse and short twisted trees, woodland areas that are represented by forest formations with dense canopy cover (known as Cerradão), riparian forests, wetlands with palm tree formations or Veredas, and grasslands [6] . The climate is described as tropical savanna (Aw) with a distinct dry winter and wet summer [38] . Approximately 90% of the rainfall is concentrated between October and April, with annual precipitation ranging from 1200 to 1800 mm. The dry season is quite distinct, with monthly precipitation as low as 0 mm. This strong seasonality results in a wide range of adaptive phenological strategies, such as leaf shedding in Cerrado trees, thus influencing the vegetation's spatial and spectral dynamics [39] . 
Change Detection
Our change detection method is divided into four main steps ( We acquired cloud-free Landsat OLI images (path 219, rows 70 and 71) between April 2013 and December 2014 from the United States Geological Survey for Earth Observation and Science (USGS/EROS). The Landsat products were processed at Level-2, supporting time series analyses and data stacking with high precision [14] and bottom of atmosphere reflectance calculated [40] . We set a short two-year period because: (i) we can acquire and process images with lower time gaps and lower computational effort compared to long time series; (ii) the method can detect change events that may not be captured by a biannual method due to a rapid land conversion, for instance; (iii) a short period can generate annual deforestation reports, providing support for continuous monitoring and conservation applications.
Four sampling areas (10 × 10 km) that were covered by native vegetation and had undergone deforestation were selected by visual interpretation of Landsat imagery (Figure 1a) . We defined deforestation (Def) as human-induced activities that completely remove the native vegetation, e.g., the conversion of native vegetation to pastures or bare soil by logging practices. Seasonal changes (Sch) were defined as stable native vegetation with no land cover conversion. Thus, two prerequisites were determined for image selection: absence of clouds and presence of deforested areas and seasonal changes, which led to different deforestation rates and image frequencies for each sampled site.
We generated a Cerrado mask based on a land cover classification using an object-based image analysis (OBIA) (Figure 1c) . In this study, we applied the multi-resolution segmentation algorithm [41] implemented in the eCognition software (Munich, Germany) [42] , to create image objects and classified them through Fuzzy logic and spectral parameter selections. Classification post-processing, such as visual interpretation and manual editing, corrected misclassifications improving the final map accuracy.
Our change detection method is divided into four main steps ( 
Multidate Segmentation
We created multitemporal image objects by segmenting multiple images difference of sequential periods. The procedure was conducted in a single operation using the whole set of spectral bands with sequential difference images together, which the layer stack dimension for each sampled site 
We created multitemporal image objects by segmenting multiple images difference of sequential periods. The procedure was conducted in a single operation using the whole set of spectral bands with sequential difference images together, which the layer stack dimension for each sampled site was determined by n − 1 (site image frequency) multiplied by six (OLI bands) [43] . This method incorporates spectral, spatial, and temporal information of difference images, which creates objects based on the feature dynamics in time such as change events in a vegetation background.
We applied the multi-resolution segmentation algorithm [41] using a trial-and-error approach [20, 44] to find the appropriate segmentation parameters within the eCognition software. In this procedure, three parameters (shape, compactness, and scale) are used to guide the segmentation of image objects. We ran tests for the scale parameter at a rate of 1 to 100 with an interval of 25, and for compactness and shape a rate of 0.1 to 0.9 with intervals of 0.2. We set the shape to 0.1, the compactness to 0.5, and the scale to 50. The multidate segmentation output was evaluated based on visual assessment of segmentation suitability, where the scale parameter influenced directly the size of the objects by generating small and spurious information with low parameter values or merged multiple changed regions with high parameter values; compactness controlled the boundary of segments by generating smooth boundaries with low parameter values or compact with high values; and shape controlled the influence of spectral information on the formation of segments by creating color-influenced objects based on low parameter values or shape-influenced objects based on high values. Once the multidate segmentation was carried out, we labeled all image objects as Def or Sch by visual interpretation of the time series.
Feature Extraction
To extract information from the image objects, we calculated the mean pixel value inside the objects for all OLI spectral bands. Hence, the maximum spectral gradient difference (SGD) [9, 45] , was calculated based on the objects' means (i), where the higher positive value of g (i, t, t−1) in a band b, the larger spectral change from time index t − 1 to t (Equation (1)).
In general, objects labeled as deforestation (Figure 3a ) presented higher g values than seasonal change objects (Figure 3b ), as logging activity abruptly increases object reflectance and g value.
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We first evaluated OLI bands to determine the ability of each band to separate deforestation from seasonal changes. Objects were initially classified as Def and Sch by a skilled interpreter, and then we sampled 100 objects per class (Def and Sch, 200 total) from the four study sites. We derived normalized sensor-specific Def and Sch distributions fitted by a Gaussian model to evaluated the Def/Sch separability for Landsat OLI bands using the normalized Jeffries-Matusita distance (JM), which has a finite dynamic range between 0 (totally inseparable) and 2 (totally separable) [46] . JM evaluation was performed in R statistical software (Vienna, Austria) using the varSel package [47] .
Second, we selected a set of spectral indices derived from Landsat images to detect changed objects based on the SWIR 2 spectral channel ( Table 1) . Despite a large list of indices in the scientific literature, we selected band computations that span the spectrum of SWIR 2 and are sensitive to vegetation characteristics, conditions or changes. In addition, we computed tasseled cap transformations since the formula uses all OLI channels [48] . The NDVI was also maintained because it is the most frequently used spectral index in remote sensing science [49] . Once the spectral indices were computed, the maximum spectral gradient difference was also calculated for each of them and for the SWIR 2 band. 
Random Forest Classification
Random forest (RF) [53] has been increasingly applied in remote sensing studies [54] , because it offers key advantages over other methods, such as its non-parametric nature, higher classification accuracy, and capability to determine variable importance [55] . First, we split the 200 SGD values derived from image objects into two datasets: 140 observations for training (70% of the sample) and 60 for the test set (the remaining 30%). The training set was used to fit the RF model while the test set was used to assess the generalization error of the best fitted model. Although the test set contains the pre-classified results, it ran against the fitted model and the model results were compared to the unused pre-classified data and then evaluated by a confusion matrix. RF requires two user-defined parameters to be set: the number of decision trees (Ntree) and the number of attributes to be tested for the best split (Mtry). We set Ntree to 500 and Mtry to 3 (square root of the number of input variables) according to previous remote sensing studies [54] .
Overall accuracy, user's accuracy (inversely related to commission error), and producer's accuracy (inversely related to omission error), were used to assess the accuracy of the trained RF classifier applied to the test set [56] . In addition, accuracy metrics were also performed by each site separately.
We computed the importance of spectral variables by analyzing the average impurity decrease. RF switches one of the input random variables while keeping the rest constant and measures the decrease in impurity by means of the Gini index. The difference between the general average and the variable evaluation average were used to rank the importance of each spectral variable in the change detection procedure, where the higher the difference, the higher the importance of a particular variable [55] .
Results
Feature Evaluation
The Def and Sch distributions overlaid with the respective probability density functions fitted separately for each Landsat OLI band are illustrated in Figure 4 . According to the JM distance, the SWIR 2 band presented the strongest Def/Sch separability among the OLI bands (JM = 0.92). Bands in the visible spectrum also presented reasonable separability, and NIR presented the weakest measure (JM = 0.17).
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The Random Forest (RF) algorithm constructed 500 trees using spectral indices based on SWIR 2, NDVI, Tasseled cap transformations, and the SWIR 2 surface reflectance data. The RF classified the test set with overall accuracy of 88.3%. The producer's accuracy was 88.0% (omission error of 12.0%) and the user's accuracy was 84.6% (commission error of 15.4%) for the Def class ( Table 2 ). The overall accuracy by site demonstrated low variability among all sites, with Site 3 presenting the highest value (93.3%) and Site 1 the lowest value (83.3%). The Def class presented good producer and user's accuracies, except the user's accuracy of 57.1% in site 2. Accuracies for the change maps of the sampled sites are shown in Figure 5 . The importance of each spectral variable related to average impurity decrease is shown in Figure  6 . The SWIR 2 and the MIRBI index emerged as the most important spectral variables in the Random Forest classification. Tasseled cap and NDVI performed poorly among the other spectral variables. The importance of each spectral variable related to average impurity decrease is shown in Figure 6 . The SWIR 2 and the MIRBI index emerged as the most important spectral variables in the Random Forest classification. Tasseled cap and NDVI performed poorly among the other spectral variables. The importance of each spectral variable related to average impurity decrease is shown in Figure  6 . The SWIR 2 and the MIRBI index emerged as the most important spectral variables in the Random Forest classification. Tasseled cap and NDVI performed poorly among the other spectral variables. 
Discussion
Emerging Options for Change Detection in the Cerrado
Despite the NDVI being the most frequently used index in remote sensing science [49] , we have demonstrated that the SWIR 2 band is useful for land cover change detection because it is affected to a lesser extent by atmospheric noise and generally has low values for forests but high values for soil and non-photosynthetic components of vegetation (e.g., bark, branches, and dry leaves) [57] . Based on the reflectance values of near infrared and red channels in forests and bare soils objects [58] , NDVI is very sensitive to variations in extant vegetation, but may not be relevant where these applications are related to other land cover classes, e.g., conversion of vegetation into bare soil.
Here, we have shown that SWIR 2 is a suitable channel to discriminate deforestation events, even when faced with high levels of seasonal noise and a large amount of non-photosynthetic material. The importance and utility of SWIR wavelengths (single band and derived indices) for characterizing forest structure have also been highlighted in several other applications, such as disturbance detection over forested systems [49, 59] , mapping forest loss [27] and damage [28] , analysis of post-fire conditions [60] , and forest recovery [61] . SWIR has also been advocated for characterizing [1] and detecting burn events [62] [63] [64] [65] in Cerrado regions.
Although SWIR 2 has the potential to be used to detect deforestation, the Def and Sch distributions for this band resulted in a Jeffries-Matusita separability of 0.92 (scale of 0-2), meaning misclassifications between deforestation and seasonal changes were common. Studies have pointed out the limitation of this measure due to the strong seasonality in NDVI forested and non-forested distributions suggesting a spatial normalization to improve JM separability [46] .
A new option to detect changes in Cerrado and perhaps in seasonal savannas in general emerges building upon a better understanding of the complete change event. To accurately detect land conversions, the post-change land cover class must be also understood, such as their reflectance values, and the spectral differences to the pre-change class. For instance, if a forested area is converted to bare soil or a water body, SWIR 2 using the methodology presented here would be suitable for this type of change detection, but if the same area is quickly converted to a crop field or initial forest regeneration, another spectral channel may be more suitable.
Detecting and Quantifying Deforestation through Time
Our second research question was concerned with distinguishing deforestation from seasonal changes. Our approach to deforestation detection using RF and a dataset derived from SWIR 2 temporal metrics performed well, with the RF being robust and easy to implement while producing accurate results based on the maximum spectral gradient difference.
Producer's and user's accuracies presented similar prediction errors for all sites. The commission error of Sch (15.4%) indicates a low inclusion of areas affected by seasonal noise in the deforestation class, which remains a considerable challenge for change detection studies in seasonal environments. We believe several aspects of our approach contributed to these high levels of accuracy: (i) the maximum spectral gradient difference parameter used for discriminating deforestation from seasonal change; (ii) the use of cloud-free imagery and constant sample interval in the temporal domain for each study site; (iii) the use of a Cerrado mask generated by land cover classification allowing an accurate input dataset for change detection; and (iv) the visual assessment of multidate segmentation, suggesting that deforestation events were effectively represented by the image objects, even when affected by seasonal noise.
The overall accuracy analysis for each site demonstrated low variability (83.3 to 93.3%), while producer' and user's accuracies presented fluctuating measures for the Def class (75 to 100% and 57.1 to 100%, respectively). However, these accuracies per site are likely unreliable since the test set was randomly sampled from the four sites, thus the change object frequency is most likely different for each site and may not be enough for a reliable site-specific accuracy analysis. In other words, the image frequency can affect the number of deforested areas detected per site, which in turn, will affect the accuracy results. For instance, an omission error of one changed object in a site where only two changed objects were detected means an error of 50%, whereas in a site where five changed objects were detected an omission error of one changed object means an error of 20%.
The importance of each spectral channel related to average impurity also ranked SWIR 2 as the most important spectral variable in the RF change detection, followed by MIRBI and NBR. The performance of SWIR 2 must be emphasized not only for its ability to discriminate deforestation, but also for its greater separability using the Jeffries-Matusita distance between fitted distributions. Furthermore, the low importance of NDVI in the change detection and the separability of the near infrared channel being the lowest are noteworthy. Tasseled cap transformations were also poor inputs to the RF change detection. This may be explained by a weak coefficient relationship with our study area since tasseled cap coefficients were not fitted in the Cerrado [48] .
Method Limitations
Some limitations to this method are apparent, such as sampling considerations, timing of changes, application to large datasets, and deforestation occurrence.
We sampled the study area to reduce computational and operational efforts, and to understand the data better. Heterogeneous landscapes in terms of vegetation gradients must be stratified to reduce mixed information since large areas can lead to uncertainties in change detection.
The timing of change is important to forest monitoring. Although the temporal information was available during the multidate segmentation procedure, the timings of change events were not tracked. This is a crucial limitation in terms of the method's continuity and consistency, which reduces its applicability in monitoring studies/programs.
The use of a large number of images in a time series can be an issue in terms of storage space and computational time, but as discussed in this study, large sets can be reduced since small differences in the number of images may not affect the detection of changed areas. Nevertheless, the higher the number of images in the time series, the larger the amount of temporal and spectral information in the segmentation process. Large amounts of temporal (long time series), spectral (multiple bands) and spatial information (large areas) might hamper multidate segmentation by prohibitively increasing processing time and by creating small and spurious objects. Even though the computational time in this study took less than a minute for each site to be processed by one computer, it is important to consider the sample size of 100 km 2 per site, which represents 0.2% of Minas Gerais state, and large areas as would take hours of processing time.
In particular situations, our method may not detect deforestation when it occurs in the last two images and the seasonal noise is still very strong. In this situation, Cerrado trees are mostly non-photosynthetic and the increase in reflectance caused by deforestation may be not be detected as forest change, because another observation must be included to detect the change. In that case, monitoring studies, which continuously acquire observations and imagery, can avoid these undetected change events. Thus, this limitation must be explored in the Cerrado, since the difficulty of change detection in this biome is widely recognized.
Conclusions
We have explored the spectral information extracted from Landsat OLI time series to accurately detect deforestation in Brazilian seasonal savannas. We have demonstrated that the Landsat OLI SWIR 2 band presented the highest change detection accuracy, differentiating deforestation from seasonal changes and resulting in fewer misclassifications.
The Random Forest algorithm presented satisfactory change detection accuracies and highlighted SWIR 2 and MIRBI as important spectral variables. Future studies may be able to use a subset of the most important spectral variables, such as SWIR 2 and MIRBI, to reduce the storage and computational demands for segmentation and change detection.
Future research should follow-up this approach by exploring different data sources such as Sentinel imagery, along with the use of different classifiers. Further studies should also improve upon the current method by addressing the issues discussed above, such as the sampling factor, timing of changes, particular change events, and the processing of large spatial (extensive areas) and/or temporal (long time series) datasets. In addition, the response of SWIR 2 to different target classes, such as non-native vegetation, should be investigated further.
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